Summary. Previously reported changes in static lung volumes during pregnancy have been confirmed.
Introduction
The mechanical properties of the lungs in pregnant women are of interest for several reasons. First, there is a conflict between the complaints of dyspnea made by many women during pregnancy and the remarkably benign clinical course shown by women with pulmonary resections during pregnancy (1) . Secondly, detailed spirometric studies, notably by Cugell, Frank, Gaensler, and Badger (2), have indicated a progressive reduction in the functional residual capacity (FRC) and expiratory reserve volume (ERV) as term approaches. The reduction in the resting lung volume might be expected to be associated with an increase in airway resistance (RA), which is known to be volume dependent (3) . This reduction in FRC is in contrast with the preservation of the vital capacity (VC) . The preservation of VC suggests that lung compliance (CL) is not greatly changed. Third, metabolic changes occurring in pregnant women might modify pulmonary mechanics. Hypocapnia occurs during pregnancy (4) , and this is known to increase airway resistance (5) . However, hormone-determined changes in smooth muscle tone and possibly connective tissue elastance might occur during pregnancy and so could possibly alter the mechanical properties of the respiratory system.
Although there are extensive observations of many aspects of respiration during pregnancy (6) , there are no published studies of the effects of pregnancy on lung compliance (CL) and only one report (7) indicating a reduction in total pulmonary resistance (RL) demonstrated by the interruptor method.
Methods
Lung volumes were determined on a 9-L Collins spirometer. FRC was measured by the helium dilution method.
Pulmonary mechanics. Lung compliance was measured by the method of Neergard and Wirz (8) employing a model 370 wedge spirometer (Med-Science Electronics) to monitor volume and flow. The wedge spirometer provides electrical calibrations for volume and flow. These were periodically checked with a Collins 9-L spirometer Types of studies. Four types of comparison were made. (The willingness of some pregnant women to perform all the studies proved limited, and, therefore, the comparative groups are somewhat variable.) 1) Lung volume measurements only were made in 6 separate subjects. 2) Lung compliance and total pulmonary resistance were studied in 10 subjects during pregnancy and after delivery. 3) Airway resistance was compared in 14 control and 13 pregnant women. Five of these pregnant subjects were also studied by comparison 2; the other 8 were unwilling to swallow the balloon. 4) The serial changes in. airway resistance during pregnancy were followed in 6 subjects. In 5 of these, comparisons 2 and 3 were also completed. In the other 1, only data for the serial studies were obtained. Where only 1 technique was employed, the procedure outlined for each method was followed. Where both balloon and plethysmography were used, the esophageal pressure method was employed first.
Results
Lung volumes. In a separate pilot study, static lung volumes alone were measured in 6 subjects who were about 8 months pregnant and then 2 months postpartum. The data are indicated in Figure 1 , where the average of the 6 subjects is indicated. During late pregnancy, there is a 25%o reduction in FRC and about 40% reduction in ERV. Slight and statistically insignificant reductions in total lung capacity and VC were also found. VC is maintained by the increase in inspiratory capacity. The changes were consistent in all subjects. These data agree with the more extensive studies of Cugell and his associates (2) in 19 subjects.
Airway resistance. In clinical practice the term RA is more commonly used than its reciprocal, CA. However, CA bears a near linear relationship to vantages. First, comparisons of the relationship between CA and the resting lung volumes without reference to the subject's body size may be made. This is accomplished by expressing, the data as CA/L of lung volume, the so-called specific airway conductance. Anthropometric factors determine CA by their relation to lung volumes (e.g., FRC). The use of specific CA therefore permits an estimate of airway conductance adjusted for body size. Second, direct comparisons may be made of the rate of rise in CA as the lung is voluntarily inflated.
The first comparison of CA between pregnant and nonpregnant women is shown in Figure 2 , which indicates the specific airway conductance in 2 groups, namely, 14 control women and 13 pregnant women of similar age. The values in the pregnant women were obtained at a mean of 71 months of gestation. When pregnant subjects were studied serially, the data obtained nearest to term were employed. These values for specific CA were obtained from CA and volume data observed at resting lung volumes. The use of such data obtained near FRC is important to minimize the between-groups variations in the regression slope relating CA to lung volume. The data indicate that, although there are considerable within-group variations, the mean specific CA of pregnant women is 36% higher than the mean specific CA of nonpregnant women (p < 0.05). The mean specific CA in the control group is within the normal range of 0.20 to 0.28 reported by DuBois (3).
An evaluation of the differences in the regression relation between CA and lung inflation in these two groups is shown in Figure 3 . Only those subjects in both groups whose lung volume ranges during airway resistance studies exceeded 1.5 L have been employed, yielding data on 9 control and 8 preg- Figure 4 , which indicates the specific CA during pregnancy and postpartum (4 to 6 weeks after delivery). There is a rise in specific CA, particularly in the third trimester of pregnancy, with a striking return to normal by about 5 weeks after delivery. The exact time course of specific CA after delivery is not known, since it was not practical to obtain studies in the immediate postpartum period.
Lung compliance and total pulmonary resistance. Before indicating the significance and possible mechanisms of these findings, we should discuss the validity of the esophageal balloon pressure changes as measures of changes in transpulmonary pressures during pregnancy. The following technical considerations apply: 1) Every effort was made to position the balloon in the midesophagus; 2) cardiac impulses were clearly visible in the records; these impulses show the usual amplitude of about 0.5 cm H2O; 3) the balloon was not over distended, since only 1 ml of air was introduced into the balloon; 4) in two subjects (No. 6 and 7) in whom serial studies were performed during pregnancy, progressive rises in EEP occurred from -4.5 and -2.5 at 28 weeks to values at 36 weeks of -0.1 and -0.8 cm H2O; 5) no excessive esophageal contractions were evident in the records; 6) the normal range of EEP in the postpartum women argues that balloon positioning was correctly performed in the postpartum state. Thus, it appears that a positive EEP during pregnancy is not due to the use of an improper technique, but reflects a genuine disparity between the esophageal and intrapleural pressures during late pregnancy.
As discussed earlier, positive transpulmonary pressures cannot occur at end normal expiration, and, therefore, the measured esophageal EEP values cannot reflect the absolute transpulmonary pressures. This raises the problem as to the effect of these EEP values on calculated CL and RL. We cannot directly compare intrapleural and esophageal pressures in pregnant women, but there is a highly relevant analogy between pregnancy and the supine posture. The analogy includes a positive resting EEP (11) (12) (13) in normal supine subjects, and, further, the supine posture is associated with an ascent of the diaphragm. An alteration from sitting to supine posture produces changes in lung volume profile similar to those encountered in pregnancy, including lowered FRC, increased IC, and a normal VC. More recently, Chiang and Lyons (14) studied the effects of a 45 0 tilt towards the supine position. They showed that esophageal EEP changes from -3.74 to -2.71 cm H20 and that FRC falls by 200 ml as a result of this tilt. The full 900 tilt towards a supine posture was studied by Mead and Gaensler (12) , who compared intrapleural and esophageal pressures. They showed that lying supine causes the directly measured end expiratory intrapleural pressure to change from -5.1 to -1.1 cm H20, while the end expiratory balloon pressure changes from -4.8 to + 2.7 cm H2O. Thus, the supine posture is associated with a lack of agreement between pleural and balloon static pressure differences. These authors concluded that "measurements of compliance in the tidal range would be factitiously low as measured from esophageal pressure in the supine position" (12) . This point was further developed by Knowles, Hong, and Rahn (13) and separately by Ferris, Mead, and Frank (15) , who showed differences in the static pressure-volume diagram in 2 postures when the esophageal balloon was employed for the measurement of transpulmonary pressure. Both groups indicate that the greatest differences exist in the lower half of lung volume, and agree that the apparent supine CL calculated from balloon pressures at small tidal volumes would appear to be about 25%o less than sitting values. The range of the percentage change in CL between the two postures is 0 to 40%o (15) .
Our data indicate a normal postpartum CL evidenced by comparing the CL observed and that predicted from the subject's height (Table I) . The apparent CL during late pregnancy is not statistically different, but the mean value is lower by 0.02 U, that is, 12%o lower than postpartum.
This change is of similar magnitude to the apparent change reported for the supine studies. Thus, if the analogy between pregnancy and the supine posture is valid, it may be concluded there is no change in CL. This conclusion is supported by the preservation of the VC during pregnancy.
The isovolume method for the calculation of RL requires less discussion. The method does assume 1) that the elastic component of pleural pressure is constant for any lung volume, irrespective of the phase of respiration (i.e., no significant hysteresis); 2) that any differences between pleural and esophageal pressures are constant at a given lung volume; and 3) that the time constants of the lung are sufficiently rapid for pressure equalization. There are no reasons to question the applicability of assumptions 1 
Mechanism of changes in airway conductance
The rise in CA at a constant flow during pregnancy clearly indicates an increase in airway crosssectional area. The effects of pregnancy on certain factors known to modify airway size may now be considered.
Lung volume and elastic recoil. It has been demonstrated by Caro, Butler, and DuBois (16) that temporary restriction of thoracic or abdominal mobility by external straps results in an increase in specific CA. This increase in specific CA was shown to depend on a diminished CL. The analogy between external strapping of the abdomen with possible restriction of the diaphragm and restriction by the enlarging uterus suggests a common mechanism for an increased specific CA. However, our data do not indicate any change in CL during pregnancy. Further, in spite of a higher end normal expiration position of the diaphragm, there can be no true restriction of diaphragm movement since the VC is preserved during pregnancy.
Effects of lung inflation. The volume history of the lung before the measurement of its mechanical properties has been shown to influence both CL and RA. Since the lung during pregnancy has a reduced resting volume, this effect might be potentiated. However, the sequence of our studies, and particularly the change in RL shown after a rest period in the laboratory, do not support this explanation.
Metabolic factors. One important metabolic change during pregnancy is the increased levels of various hormones. These might reduce airway resistance. Three possible hormones might be considered. Progesterone levels rise progressively during pregnancy, and the decreased tone in certain smooth muscles, namely in the ureters, has been attributed to progesterone (17) . This effect also occurs at the sixth to seventh month of pregnancy. Thus, progesterone might reduce normal bronchomotor tone.
The production of cortisone and related steroids is also well known to be increased during pregnancy. One may speculate that these steroids also modify normal bronchomotor tone.
Relaxin is known to mobilize cartilaginous structures in pregnant lower mammals (18) , and it is conceivable that similar effects occur in pregnant women. However, too little is known about relaxin to permit further discussion of this point.
The possible relationship between hormonal changes during pregnancy and decreased RA is intriguing but speculative.
Dyspnea and work of breathing during pregnancy Bader, Bader, and Rose (19) demonstrated a progressive increase in the°2 cost of breathing under standardized patterns of respiration during the last 4 months of pregnancy. These authors suggested that these increased 02 costs of breathing were not related to altered lung mechanics, but rather to increased diaphragmatic work. Our data indicating an unchanged CL and reduction in both RL and RA support their view.
The demonstrated reduction in RA during pregnancy cannot account for the "dyspnea of preg-.nancy." The reduced RA is, however, probably relevant to the failure of pregnancy to cause respiratory embarrassment in patients with lung resections. Gaensler, Patton, Verstraeten, and Badger (1) studied 7 such patients in whom the vital capacities were reduced to a mean of 1.4 L. The alterations in the static lung volumes during pregnancy were similar to those of normal women. It is reasonable, therefore, to presume that RA was reduced in such patients. Gaensler and associates specifically indicate that these patients did not complain of dyspnea during pregnancy. In these patients, the increased ventilatory demands of pregnancy must be met by rises in the respiratory rate. Thus, a reduced RA assumes some importance in minimizing the increase in total respiratory work and might possibly relate to the absence of dyspnea.
